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Abstract
In this talk I discuss the interplay between collider physics and four topics of astro–
particle physics: neutrino oscillations, electroweak baryogenesis, LSP Dark Matter, and
ultra–high energy cosmic rays (UHECR). Some astrophysical scenarios can (only) be
tested decisively at colliders. In other cases input from collider experiments is required
to sharpen predictions for future astro–particle physics experiments, e.g. for the LSP
detection rate or the UHECR spectrum in top–down models.
∗Invited plenary talk at the international workshop on linear e+e− colliders (LCWS2002), Jeju Island,
Republic of Korea, August 2002.
1) Introduction
The organizers of this conference asked me to give a review talk on what is commonly known
as astro–particle physics. This describes a vast field of research. I obviously have neither
the time nor the expertise to cover most of it adequately. I therefore decided to narrow the
focus on some topics that have, or at least may have, fairly direct connections to experiments
(to be) performed at high energy particle colliders. This not only matches the main theme
of this conference, it also suits my personal interests. In the following four sections I will
therefore describe lepton flavor violation (LFV) as predicted in certain supersymmetric mod-
els of neutrino masses that can explain the observed pattern of neutrino flavor oscillations;
electroweak baryogenesis, which does not work in the Standard Model (SM) but may work in
its supersymmetric extension, the MSSM; the LSP as cold Dark Matter candidate; and the
“top–down” interpretation of ultra–high energy cosmic rays, which posits that these events
originate from the decay or annihilation of ultra–massive particles.
2) Neutrino Oscillations
It may be appropriate to begin this survey by reminding ourselves that astro–particle physics
experiments, most notably SuperK [1], succeeded in committing the murder which a great may
experimenters working at colliders had spent twenty–odd years attempting: by unambiguously
showing that muon (anti)neutrinos oscillate into other flavors, most likely into ντ , the minimal
SM was killed, since it predicts vanishing neutrino masses and hence separately conserved
e, µ, τ lepton numbers. This is a constructive proof that astro–particle physics experiments
can produce results which impact “mainstream” particle physics. Similarly, recent SNO data
[2] have shown that ν¯e change into something else somewhere between the Sun and solar
neutrino detectors on Earth, which implies that electron number is not conserved. This is again
most naturally explained by neutrino flavor oscillations [3], but in this case other explanations
are still possible [4] (since no “L/E ′′ plot showing the characteristic energy dependence of
neutrino oscillations has yet been established). We now know that some neutrinos are massive,
and that none of the three lepton flavors is conserved.
These discoveries are undoubtedly of great importance both conceptually and for the plan-
ning of future Earth–based neutrino oscillation experiments. However, its relevance to collider
physics is a priori much less clear. In the framework of the SM, small neutrino masses can
most naturally be accommodated by introducing a dimension–5 term in the Lagrangian, of
the form
Lν = λij
M
LCiHLjH + h.c. (1)
Here H is the Higgs doublet, the Li are left–handed lepton doublets (i, j being flavor labels),
M is a large mass scale, and the λij are numerical coefficients. The data can be accommodated
by allowing λ to have non–vanishing off–diagonal entries, which clearly violates lepton flavor.
This LFV also manifests itself in processes of interest to collider physicists. For example,
the large νµ − ντ mixing implied by atmospheric neutrino oscillations gives rise to τ → µγ
and Z → µ±τ∓ decays through the one–loop diagrams shown in Fig. 1. However, explicit
evaluation of these diagrams reveals that they are suppressed by powers of the neutrino mass,
leading to predictions for the branching ratios of these LFV decays many orders of magnitude
below the sensitivity of conceivable experiments. This result can be generalized: In the SM
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augmented by the term (1), or by tiny Yukawa couplings giving rise to Dirac neutrino masses,
LFV at colliders is unobservably small [5].
τ µντ νµ
W
γ,Z
×
Fig.1: Diagram giving rise to τ → µγ and Z → µτ decays in the SM augmented by the
dimension–5 term (1). The external boson (γ or Z) has to be appended in all possible ways,
and the × denotes a ντ ↔ νµ flavor transition. These diagrams are suppressed by powers of
mν/MW and are thus unobservably small.
The situation can be quite different in supersymmetric extensions of the SM, if the scale
of LFV is below the energy scale where SUSY breaking is transmitted to the visible sector
(i.e., where “ordinary” sparticles obtain their masses) [7]. Consider a supersymmetric see–saw
model [6] with three SU(2)×U(1)Y singlet superfields Ni appearing in the superpotential via
WN = fikHuLiNk + 1
2
MklNkNl, (2)
where Hu is the Higgs doublet coupling to up–type quarks. At energies below the smallest
eigenvalue MN of the matrix M , the three singlets can be integrated out, producing a term
of the form (1) in the effective Lagrangian (with H replaced by Hu). The coefficients λ of
eq.(1) are then bilinear functions of the new Yukawa couplings f appearing in eq.(2), leading
to neutrino masses of order
mν ∼ |f |2〈H0u〉2/MN . (3)
The crucial difference between the SM and the MSSM is that the latter contains additional
parameters (besides the λij) that can violate lepton flavor: the soft breaking masses and
trilinear A parameters in the slepton sector. High–scale LFV therefore does not necessarily
decouple in the MSSM. In particular, even if we assume that slepton masses are universal
at some high scale MU > MN , with value mL˜, the LFV violation encoded in the fij will
radiatively induce LFV slepton masses of order [8]
δ
(
m2L˜
)
ij
∼ 1
8π2
∑
k
f ∗kifkj
(
2m2L˜ +m
2
Hu + |AL˜|2
)
log
MU
MN
; (4)
the exact (1–loop) RGE can be found in [9]. Eqs.(3) and (4) together imply that this new
source of LFV scales like mνMN/M
2
W · log(MU/MN). For given neutrino mass this becomes
maximal for MN only slightly below MU . In other words, this new physics effect increases
with increasing energy scale where the effect originates!
These flavor off–diagonal slepton masses can contribute to Z → µ±τ∓ and τ → µγ decays
through the one–loop diagrams shown in Fig. 2 [7]. There is again some GIM–type cancellation;
however, the relevant suppression factor is now
(
m2
L˜
)
µτ
/m2
L˜
, which is usually much bigger than
2
mν/MW . This suppression is nevertheless crucial for bringing supersymmetric see–saw models
with large neutrino mixing angles and high–scale SUSY breaking into agreement with stringent
experimental limits on τ → µγ and µ→ eγ decays.
τ µ
τ˜L µ˜L
χ˜0i
γ, Z
×
+
τ µ
ν˜τ ν˜µ
χ˜−i
γ, Z
×
Fig.2: SUSY contributions to τ → µγ and Z → µτ , where × now denotes a slepton flavor
transition. These contributions are only suppressed by powers of (δmL˜)µτ /mL˜.
This suppression of loop–induced LFV decays may also offer the chance to observe tree–
level LFV effects in sparticle production and decay at high energy colliders. For example,
one can search for sneutrino pair production at lepton colliders, followed by ν˜i → ℓkχ˜−1 →
ℓkjjχ˜
0
1 decays. This can give rise to final states containing µ
±τ∓ pairs together with up
to four jets and missing energy/momentum, which have very little background [8]. These
LFV signals can be understood as being to due L˜ flavor oscillations [10]. They are therefore
only suppressed by powers of δmL˜/ΓL˜, where ΓL˜ ∼ αmL˜ is the average decay width of the
oscillating sleptons. Since the largest new Yukawa couplings f are assumed to (again) occur
in the third generation, and ντ is known to strongly mix with νµ but only weakly with νe,
for given luminosity µ+µ− colliders offer better sensitivity for these ν˜ oscillation signals than
e+e− colliders do [8]; however, it now seems likely that a muon collider, if it can be built
at all, will have far smaller luminosity than that currently foreseen for linear e+e− colliders.
Slepton oscillations can also be tested in slepton production at hadron colliders [10, 11], as
well as through the production of heavier neutralinos and charginos followed by their leptonic
decay [10, 11, 12]. These signals can probe regions of parameter space that are compatible
with bounds on LFV Z, τ and µ decays. Moreover, analysis of such signals allows (at least in
principle) to determine the quantities fij andMij separately, rather than only the combinations
of these parameters that produces the effective neutrino mass term (1) [13], if the slepton
masses at scale MU are known.
However, all these SUSY–mediated LFV effect vanish if the scale of LFV is higher than the
scale where SUSY breaking is mediated to the visible sector, as is the case e.g. in most see–saw
models with gauge–mediated supersymmetry breaking. On the other hand, supersymmetry
also permits an entirely novel way to generate neutrino masses, if R−parity is broken. In
general one neutrino will become massive through mixing with neutralinos, while the other
neutrino masses are generated through loop diagrams. Many models of this kind predict
relations between neutrino oscillations and decays of the lightest superparticle (LSP), where
the latter may include LFV modes; this again offers the possibility to detect LFV at colliders.
I will not discuss this approach here, since it has been covered at this conference by E.J. Chun
[14].
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3) Electroweak Baryogenesis
The Universe around us contains baryons and leptons, but very few antibaryons and antileptons.∗
Analyses of Big Bang nucleosynthesis [15] show that the baryon to photon ratio,
η ≡ nb − nb¯
nγ
, (5)
must be a few times 10−10. In other words, there is a very small, but non–vanishing, excess of
particles over antiparticles in the Universe. This is not an existence proof of “new physics”,
since such a small asymmetry could simply be imposed as an initial condition on the Uni-
verse. However, a dynamical explanation of such a small excess, starting from a Universe with
vanishing total baryon and lepton number, would certainly be more attractive.
In his seminal 1967 paper [16], Sakharov listed three necessary conditions any dynamical
mechanism must satisfy: it must (obviously) violate baryon number; it must violate both C
and CP, since the baryon number generator B is odd under both C and CP, so that 〈0|B|0〉
would have to vanish if C or CP were good quantum numbers; and it must be active out
of thermal equilibrium, since otherwise the rate for any reaction A → B equals that of the
inverse reaction B → A, making it impossible to create a net baryon number.
Somewhat later it was realized [17] that a fourth condition has to be satisfied. The reason
is that the SM predicts electroweak baryon number violating “sphaleron” transitions. Roughly
speaking, these correspond to transitions between degenerate (ground) states with different
“topology” [in the space of SU(2) gauge configurations]. These states are separated by “po-
tential barriers” whose height is given by the vev that breaks the electroweak gauge symmetry.
At zero temperature these transitions are suppressed by a tunneling factor exp (−16π2/g22),
where g2 is the SU(2) gauge coupling, and can thus safely be neglected. However, these tran-
sitions are in thermal equilibrium at temperatures T ≥ 100 GeV. Note that these transitions
violate both baryon and lepton number, but conserve B − L. The fourth condition that any
dynamical explanation of the baryon asymmetry of the Universe (BAU) must satisfy in order
to be “immune” to sphaleron transitions is therefore the following: it must either produce a
non–vanishing B−L, or else produce non–vanishing B at temperature (well) below 100 GeV.
Of course, the SM also violates C and CP. Together with the sphaleron–induced violation
of baryon number, this satisfies two of the three Sakharov conditions. Moreover, the third
condition, deviation from thermal equilibrium, is satisfied during phase transitions.† Such
a phase transition might be associated with electroweak symmetry breaking. To see this,
consider the temperature dependent effective potential of the Higgs field‡ φ:
Veff(φ, T ) ≃ γT
2 −m2
2
φ2 − ETφ3 + λ
2
φ4. (6)
Here −m2 (the infamous negative mass–squared) and λ describe the potential at T = 0,
while γ and E describe the leading effects of the thermal plasma. The qualitative behavior
of this potential is illustrated in fig. 3. Since γ and E are both positive, at sufficiently high
∗The small e+ and p¯ components in the primary cosmic ray flux have most likely been produced in the
collisions of relativistic e− and p with ordinary matter.
†For example, boiling water is a non–equilibrium process. This can be seen from the fact that boiling water
behaves quite differently from condensing steam, even if temperature and pressure are the same.
‡φ only describes the field acquiring a vev, e.g. the real part of the neutral component of the Higgs doublet
in the SM, or a linear combination of the two analogous real parts in the MSSM.
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temperature the origin (φ = 0) will be a minimum, not a maximum. Indeed, for T > Tc it will
be the absolute minimum, i.e. the SU(2)× U(1)Y symmetry will not be broken. However, a
second minimum may exist at φ = φ0 6= 0, which becomes more prominent as T decreases. At
some critical temperature Tc this second minimum satisfies V (φ0, T ) = 0, i.e. it is degenerate
with the minimum at the origin. It is easy to show that this requires
φc ≡ φ0(T = Tc) = ETc
λ
. (7)
At slightly lower temperature the Universe begins to tunnel from φ = 0 to φ = φ0. The rate
of (thermal) sphaleron transitions at this tunneling temperature depends very sensitively on
φ0 as well as T . It can be shown that these transitions are sufficiently suppressed if
φc >∼ Tc, (8)
which requires E >∼ λ from eq.(7). Recall that λ is proportional to the square of the mass of
the (lightest CP–even) Higgs boson. The experimental lower bound on the mass of (SM–like)
Higgs bosons therefore translates into a lower bound on λ. Moreover, E receives significant
contributions only from bosons with mass not greatly in excess of T . In the SM, which contains
few elementary bosons, condition (8) is therefore badly violated for all experimentally allowed
values of λ; indeed, here E/λ is so small that no proper phase transition occurs [18].
Fig.3: The temperature–dependent effective potential at temperatures above, at, and below the
critical temperature Tc.
The situation is somewhat more favorable in the MSSM. The experimental lower bound
on λ is (slightly) weaker than in the SM. More importantly, there are many more elementary
scalars in the theory. The potentially most important ones are the t˜ squarks, due to their
large (Yukawa) couplings to φ. Recall, however, that t˜ can only contribute significantly to E
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if mt˜ does not greatly exceed Tc. At the same time, some t˜ squarks must be quite heavy to
produce sufficiently large loop corrections to the mass of the lightest CP–even Higgs boson,
raising it from the tree–level upper bound of MZ to at least the experimental lower bound.
Moreover, electroweak precision data imply lower bounds of several hundred GeV on the masses
of SU(2) doublet t˜ and b˜ squarks. This leads one to consider scenarios with heavy SU(2)
doublet squarks, but light SU(2) singlet t˜R. Indeed, it can be shown [19] that some region of
parameter space satisfying the constraint (8) still exists, with mt˜L
>∼ 1 TeV, mt˜R ≤ mt and
mh ≤ 117 GeV; the latter two predictions can easily be tested at future collider experiments.
The existence of a light t˜R and a fairly light Higgs boson ensures that condition (8) is
satisfied, which in turn implies that the third Sakharov condition is met. As well known,
the second Sakharov condition is satisfied already in the SM, where CP violation originates
in complex Yukawa couplings, and manifests itself in the complex phase of the KM matrix.
However, it turns out that this source of CP violation is too weak to produce a sufficiently
large baryon asymmetry in the present framework. One needs large [20], perhaps even maximal
[21], CP violation in the chargino mass matrix, together with relatively light charginos. This
prediction can also be tested through future precision measurements, e.g. at e+e− linear
colliders [22].
Electroweak baryogenesis can thus easily be falsified by future collider experiments. This
remains true in extensions of the MSSM which contain SU(2) × U(1)Y singlet Higgs super-
fields [23]: although this makes it somewhat easier to satisfy the constraint (8), the required
CP violation in the chargino system is essentially the same as in the MSSM. Unfortunately,
other proposed explanations of the BAU cannot be tested in the laboratory. For example,
in “leptogenesis” [24] one creates a lepton asymmetry at high T , which is partially converted
to a baryon asymmetry by electroweak sphaleron transitions. The lepton asymmetry is gen-
erated in the production and decay of “right–handed” [SU(2) × U(1)Y singlet] (s)neutrinos
with mass typically exceeding 108 GeV, well beyond the reach of conceivable colliders. The
same heavy neutrinos influence the mass matrix of the light neutrinos through the see–saw
mechanism [6]; however, the CP violating phase required for leptogenesis is not necessarily
related to the phase that can (in principle) be measured in neutrino oscillation experiments
[25] (but in supersymmetric models with universal soft breaking terms at some high scale,
it can be measured in low–scale LFV processes [26]). Similarly, the Affleck–Dine mechanism
[27] produces a baryon or lepton asymmetry from a sfermion condensate just after the end
of inflation; its dynamics is governed by parameters that cannot be measured at colliders.
However, all proposed dynamical explanations of the BAU require the existence of new CP
violating phases. We just saw that in many cases these phases cannot be measured at collider
energies; nevertheless the existence of new sources of CP violation can serve as motivation
to search for CP violation wherever experimentally feasible, including channels where no CP
violation is expected in the SM.
4) Neutralino Dark Matter
The existence of Dark Matter (DM) in the Universe is quite well established. Historically
the first evidence came from the analysis of the motion of gravitationally bound systems.
The simplest example of this kind is given by the well–known galactic rotation curves. An
object on a circular orbit (with radius R) around a spherical galaxy must have orbital velocity
v(R) =
√
GNM(R)/R, where GN is Newton’s constant and M(R) is the mass inside the
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orbit. If a galaxy’s mass was confined to its luminous parts, one should thus find v(r) ∝
1/
√
R for sufficiently large R; however, observation yields essentially flat rotation curves,
v(R) ∼constant, which implies that the luminous part of the galaxy is embedded in a much
larger dark halo. Analogous arguments can be made for the motion of galaxies inside clusters.
More recently, measurements of the anisotropy of the cosmic microwave background on degree
scales as well as observations of type–Ia supernovae at high redshift have determined the total
matter density of the Universe to fall in the range [28]
0.1<∼ Ωmatterh2 <∼ 0.3. (9)
Here, ΩX denotes the mass (or energy) density of component X in units of the critical density
(i.e.
∑
X ΩX = 1 corresponds to a flat Universe), and h is the Hubble constant in units of 100
km/(sec·Mpc). Ωmatter includes all forms of non–relativistic matter, but analyses of Big Bang
nucleosynthesis have shown that Ωbaryonh
2 < 0.05 [28], so that the range (9) essentially also
holds for the DM component.
The lightest neutralino χ˜01 is probably the best motivated, and certainly the most widely
studied [29], particle physics DM candidate. In many SUSY models χ˜01 is the lightest su-
perparticle (LSP) over much of parameter space; it is then absolutely stable, if R−parity is
conserved. It is also neutral, which is required experimentally for any massive particle that
contributes significantly to DM; charged particles would bind to nuclei, thereby forming iso-
topes with exotic mass–to–charge ratios, which have not been found [30]. Finally, the present
thermal LSP relic density is at least within a few orders of magnitude of the desired range (9).
Let us investigate this last argument in some more detail, since it is often used to single out
regions of SUSY parameter space as being “cosmologically favored”. The basic assumption is
that χ˜01 was in thermal equilibrium with the hot plasma of SM particles after the last period
of entropy production, which in simple cosmological models occurred at the end of inflation.
This requirement is satisfied if the “re–heat” temperature at the end of this epoch of entropy
production exceeded 0.1mχ˜0
1
; note that the scale of inflation is supposed to be around 1013
GeV, so re–heat temperatures in excess of 0.1mχ˜0
1
are easy to achieve. Neutralinos will then
stay in equilibrium as long as the rate of reactions that change the number of LSPs is larger
than the Hubble expansion rate. R−parity conservation implies that LSPs can only be created
or annihilated in pairs, so that the equilibrium condition reads
nχ˜0
1
(T )〈vσχ˜0
1
〉 > H(T ). (10)
Here, nχ˜0
1
is the LSP number density, σχ˜0
1
the total χ˜01 pair annihilation cross section, v the
relative velocity between the two LSPs in the cm frame, and 〈. . .〉 denotes thermal averaging.∗
At temperatures < mχ˜0
1
, nχ˜0
1
∼
(
mχ˜0
1
T
)3/2
exp
(
−mχ˜0
1
/T
)
is exponentially suppressed, whereas
the Hubble parameter in the radiation–dominated era, H(T ) ∼ T 2/MPl, MPl ≃ 2.4 · 1018 GeV
being the Planck mass, only decreases like a power of T . Clearly the condition (10) can
therefore not be satisfied at arbitrarily low temperatures. Due to the 1/MPl factor in H(T ),
LSPs stay in chemical equilibrium with the SM plasma until they are quite non–relativistic;
freeze–out (decoupling) typically occurs at TF ≃ mχ˜0
1
/20. Clearly decoupling will occur later,
at a smaller value of nχ˜0
1
, for larger values of 〈vσχ˜0
1
〉. Indeed, in this scenario one finds that
the present χ˜01 relic mass density is essentially inversely proportional to 〈vσχ˜0
1
〉; this is quite
∗Note that LSPs will stay in kinetic equilibrium with the SM plasma, i.e. will have a thermal velocity
distribution, long after they drop out of chemical equilibrium.
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intuitive: the stronger LSPs annihilate, the fewer are left over. Moreover, the relic density has
the right order of magnitude for roughly weak–scale cross sections, σχ˜0
1
∼ 0.01 pb or so. This
at the very least establishes an intriguing coincidence between particle physics and cosmology.
Dimensional analysis shows that σχ˜0
1
should decrease, i.e. Ωχ˜0
1
h2 should increase, like the
square of the sparticle mass scale. Moreover, two identical Majorana fermions can annihilate
into a massless fermion–antifermion pair only from a P−wave (or higher) initial state.† Since
χ˜01s are already quite non–relativistic at freeze–out, this reduces the thermal average of vσχ˜0
1
by about an order of magnitude. If the LSP is mostly a bino, which is true over most of
parameter space in many SUSY models, the upper bound in (9) can only be satisfied in three
different regions of parameter space [31, 32]:
• The bulk region: If χ˜01 ≃ b˜, the biggest contribution to σχ˜0
1
comes from ℓ+ℓ− final states,
which in turn receive the most important contributions from ℓ˜R (or τ˜1) exchange in
the t− or u−channel (ℓ = e, µ, τ). One reason for this is that ℓ˜R has the largest
hypercharge, and hence the strongest coupling to b˜, of all sfermions. Moreover, since
ℓ˜R is an SU(3) × SU(2) singlet, its mass only receives rather small contributions from
gaugino loop diagrams; such diagrams always increase the sfermion mass, and are e.g.
responsible for the fact that squarks without sizable Yukawa couplings cannot be much
lighter than gluinos. Here Ωχ˜0
1
h2 ≤ 0.5 requires [33] mχ˜0
1
, mℓ˜R ≤ 250 GeV, which can
readily be tested at a first–generation linear collider.
• The co–annihilation region: The ℓ˜R (or τ˜1) exchange contribution to σχ˜0
1
is maximal if
mℓ˜R (or mτ˜1) is essentially equal to mχ˜01 . In such a situation Ωχ˜01h
2 can no longer be
estimated from χ˜01 pair annihilation alone [34]. If another superparticle P˜ is close in
mass to χ˜01, reactions of the kind χ˜
0
1 + f ↔ P˜ + f ′, with rate ∝ exp (−mP˜/T ), will stay
in equilibrium much longer than reactions of the kind χ˜01 + χ˜
0
1 ↔ f + f¯ , which have
rate ∝ exp
(
−2mχ˜0
1
/T
)
; here f, f ′ are some SM particles with mass <∼ T . In this case
the total number of superparticles, which determines the final LSP relic density, can
also be reduced by χ˜01P˜ co–annihilation or P˜
¯˜P annihilation. Note that the P˜ number
density is suppressed by the Boltzmann factor exp
[
−
(
mP˜ −mχ˜01
)
/T
]
relative to the χ˜01
number density. Since the relevant temperature is T ≃ TF <∼ mχ˜01/20, this Boltzmann
suppression implies that co–annihilation can only be important for scaled mass difference(
mP˜ −mχ˜01
)
/mχ˜0
1
<∼0.2 or so. On the other hand, the total co–annihilation cross section
can be significantly larger than the χ˜01 pair annihilation cross section. In case of co–
annihilation with ℓ˜R (or τ˜1), the enhancement is primarily due to the fact that co–
annihilation, as well as annihilation of slepton pairs, can occur from S−wave initial
states; it can thus reduce Ωχ˜0
1
h2 by about one order of magnitude, for vanishing mass
difference [35]. On the other hand, co–annihilation with a light t˜1 squark, which has
strong QCD and Yukawa interactions, can reduce the relic density by more than three
orders of magnitude [36]. Co–annihilation with sleptons can therefore “only” increase
the upper bound on slepton masses by about a factor 3.5; this range may still be covered
by future e+e− colliders. On the other hand, co–annihilation with t˜1 can bring a bino–
like LSP as heavy as 3 TeV into agreement with the constraint (9), i.e. it allows to
construct cosmologically allowed SUSY spectra well beyond the reach of any currently
†This statement is strictly true only for a CP–invariant theory. However, bounds on the electric dipole
moments of the neutron and electron tightly constrain the CP–violating phases relevant to χ˜01 annihilation.
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planned collider; recall that in models with gaugino mass unification a bino mass of 3
TeV implies a gluino mass near 20 TeV!
• The Higgs pole region: The χ˜01χ˜01 annihilation cross section can be greatly enhanced
if some s−channel diagram becomes resonant. The potentially most important such
diagrams involve the exchange of the neutral CP–odd Higgs boson A, since it can couple
to an S−wave initial state. If 2mχ˜0
1
∼ mA the annihilation cross section scales like 1/Γ2A
rather than 1/m2χ˜0
1
, which introduces an enhancement factor 1/α2 ∼ 104. This over–
compensates the small coupling (of order gY sin θWMZ/|µ|) of bino–like neutralinos to
Higgs bosons, and thus again allows to construct cosmologically acceptable scenarios
with mχ˜0
1
> 1 TeV.
This discussion shows that Ωχ˜0
1
h2 depends on many details of the SUSY spectrum, i.e.
on many soft breaking parameters. It is thus usually analyzed in models that describe the
entire spectrum in terms of a small number of free parameters, the most common one being
the minimal SUGRA model (sometimes called cMSSM). Here one postulates a common scalar
mass m0, a common gaugino mass m1/2, and a common trilinear scalar interaction parameter
A0, at the high “input” scale MGUT ≃ 2 · 1016 GeV. The ratio of vevs tan β is also a free
parameter, as is the sign of µ, while |µ| is fixed by the requirement MZ = 91.2 GeV. In this
scenario the bulk region is limited by m0<∼ 250 GeV, m1/2<∼ 350 GeV, with little dependence‡
on A0 and tanβ. χ˜
0
1 − t˜1 co–annihilation is difficult to achieve in this model [32, 37], but
co–annihilation with sleptons does occur over a narrow strip of gaugino masses satisfying
m1/2 ≃ 2.5m0, the exact location depending on A0 and tanβ. In this model the Higgs pole
region only exists [38] at large tanβ >∼ 50. This model allows a fourth region where the
constraint (9) can be satisfied:
• The focus point region: If m20 ≫ m21/2, the soft breaking contribution to the mass of the
Higgs boson that couples to the top quark is very small at the weak scale, independent
of its value at the input scale (this is the “focusing”) [39]. In this case |µ|, the super-
symmetric contribution to the Higgs boson masses, also comes out to be small, so that
χ˜01 has significant, perhaps even dominant, higgsino components. This implies sizable
annihilation cross sections into final states containing electroweak gauge and/or Higgs
bosons. In the extreme case of higgsino–like LSP this again allows mχ˜0
1
> 1 TeV [40];
note that annihilation now occurs from an S−wave initial state, via SU(2) [rather than
U(1)Y ] couplings.
The situation is illustrated in Fig. 4, which shows (in green) the region in the (m0, m1/2)
plane satisfying Ωχ˜0
1
h2 ≤ 0.5 for A0 = 0, µ > 0 and tanβ = 10 (left) and 60 (right). In
the left panel, the “bulk” region is near the origin (and thus severely constrained by collider
experiments), while the “co–annihilation” and “focus point” regions are the nearly horizontal
and nearly vertical strip, respectively. These regions also exist at tanβ = 60 (right), but are
supplemented by the much larger “Higgs pole” region. This last region is rather wide, since
the thermal motion allows resonant A−exchange even if mχ˜0
1
is well below mA/2. These plots,
which are updates of ref.[32], vividly illustrate that even in this very constrained model the
condition (9) does not allow to derive useful upper bounds on sparticle masses, although it
‡Unless tanβ is very large, in which case L − R mixing in the τ˜ sector reduces Ωχ˜0
1
h2 significantly; this
mixing depends on both tanβ and A0 (in the latter case, mostly via |µ|).
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does exclude large regions of parameter space. These figures also show experimentally excluded
regions (grey), the region where 113 GeV ≤ mh ≤ 117 GeV in accordance with the 2σ LEP
evidence for an SM–like neutral Higgs boson (red), and the region compatible with gµ − 2
at the 2σ level (blue). These laboratory “discoveries”, if taken seriously, do impose upper
limits on sparticle masses; in particular, a TeV–scale e+e− collider would have to discover
χ˜01χ˜
0
2 production in the overlap region (black) where all constraints are satisfied.
m0
m1/2 m1/2
Fig.4: Regions in mSUGRA parameter space allowed by the DM constraint (green), by the
LEP evidence for an SM–like Higgs boson (red), and by the Brookhaven measurement of gµ−2
(blue); in the black regions, all three constraints are satisfied simultaneously, while the grey
regions are excluded experimentally. These figures are for A0 = 0, µ > 0 and tan β = 10 (left)
and 60 (right).
The Dark Matter argument by itself is therefore not sufficient to tell us in what region of
mSUGRA parameter space we are likely to be. The situation is even worse in other widely dis-
cussed, constrained SUSY models. In models with gauge–mediated SUSY breaking (GMSB),
the LSP is the gravitino G˜, whose mass is essentially independent of the other sparticle masses.§
In anomaly–mediated SUSY breaking (AMSB) the LSP is wino–like, and makes a good ther-
mal DM candidate for mχ˜0
1
≃ 1.5 TeV. This prediction is falsifiable in principle, but not at
the any of the colliders that are now under serious consideration.
On the other hand, collider physics experiments can make crucial contributions to DM
physics if χ˜01 indeed constitutes most DM. Once a DM signal has been established, the first
order of business would be to check whether the WIMP mass is compatible with mχ˜0
1
as
measured at colliders. This crucial check is probably much more demanding for DM search
experiments than for collider experiments. Even at the LHC it is fairly easy to measure mχ˜0
1
to ∼ 10% [42]. In contrast, the DAMA “signal” [43] only determined the WIMP mass within
a factor of two; the fact that DAMA almost certainly did not detect WIMPs – their result
is now contradicted by two other experiments [44], one of which is background–free – does
not change the conclusion that determining the WIMP mass from the observed nuclear recoil
spectrum is quite difficult. Fortunately, “indirect” WIMP signals, e.g. high–energy neutrinos
from WIMP annihilation in the Sun or Earth, or a γ−ray line from WIMP annihilation in the
galactic halo [29] – should more easily allow to determine the WIMP mass.
§Thermal relic gravitinos can form the Dark Matter if their mass is about 0.5 keV [41], which implies that
the NLSP is stable at the time scale of accelerator experiments. Observation of χ˜01 → G˜γ or τ˜1 → G˜τ decays
could thus exclude G˜ as DM candidate.
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Input from collider experiments is also needed for the calculation of the thermal χ˜01 relic
density. In the “bulk region” the required data – essentially mχ˜0
1
and mℓ˜R – can already be
provided by the LHC. LHC data can even check whether χ˜01 has significant higgsino compo-
nents, which would drastically change the di–lepton invariant mass distribution, e.g. from
χ˜0i → ℓ+ℓ−χ˜0j decays [45]. In the co–annihilation region one would need an accurate measure-
ment of the τ˜1− χ˜01 mass difference, which is impossible at the LHC and might even be difficult
at future e+e− colliders [46]. In the focus point region one would essentially only need to know
the parameters of the neutralino–chargino system, which are easily measured at e+e− colliders
operating at
√
s > 2mχ˜±
1
[47]; however, as mentioned above, this may require a multi–TeV
collider if χ˜01 is higgsino–like. Finally, in the Higgs pole region one would need accurate mea-
surements of the parameters of both the neutralino and Higgs sectors of the theory. The latter
would be difficult at any planned collider if mA exceeds 1 TeV or so.
Suppose measurements at colliders indeed allow to predict the thermal χ˜01 relic density;
what would we learn? If the value comes out higher than the upper bound in (9), we know
that the assumptions going into this calculation are wrong, i.e. either χ˜01 is unstable, or
it didn’t reach chemical equilibrium with the SM plasma after the period of last entropy
production. Actually, the latter is not sufficient to avoid “overclosing the Universe”, since
non–thermal mechanisms can easily over–produce LSPs. This is true in particular for direct
LSP production in the decay of massive particles whose decays are responsible for the last
entropy production, e.g. inflaton decays [48]. A too high thermal χ˜01 relic density would
thus be evidence (though not proof) that χ˜01 is not stable at cosmological time scales. This
could mean that R−parity is not conserved, or that χ˜01 is actually not the LSP, which instead
resides in the “hidden sector” of the theory; this sector interacts with ordinary (s)particles
only through gravitational–strength interactions. In order to clarify this issue one may then
ultimately have to build an experiment searching for χ˜01 decay with lifetime up to one minute
or so; longer χ˜01 lifetimes are essentially excluded by combinations of constraints from Big
Bang nucleosynthesis and the spectrum of the cosmic microwave background.
Conversely, if the thermal χ˜01 relic density comes out too low, but WIMP search experiments
indicate that χ˜01 contributes to the DM, one has proven the existence of non–thermal χ˜
0
1
production [49, 48], typically from the decay of some more massive object. Finally, if the
thermal χ˜01 relic density indeed comes out correct, and WIMP search experiments confirm
that χ˜01 forms the DM, we’d have evidence that the Universe reached a re–heat temperature
TR >∼ 0.1mχ˜01; note that currently we can only infer [50] TR >∼ 1 MeV, from the quantitative
success of Big Bang nucleosynthesis.
In addition to the thermal relic density, one will also want to predict the cross section
for χ˜01–nucleon scattering as well as σ(χ˜
0
1χ˜
0
1 → γγ). The former determines the size of both
the direct WIMP signal and the signal for WIMP annihilation in the Earth or Sun (for given
WIMP flux), while the latter is required for the calculation of the size of the most obvious
signal for WIMP annihilation in the halo of the galaxy. If a WIMP signal has been detected,
with kinematics indicating that χ˜01 is indeed that WIMP
¶, knowledge of these cross section is
required to glean information about the WIMP distribution in the galaxy from the observed
signal(s), which would be of great interest to galactic modellers; indeed, it might open the door
to some sort of “WIMP astronomy”. In the absence of a positive signal these cross sections
would indicate the sensitivity an experiment would need to reach in order to exclude χ˜01 as
¶WIMP discovery by itself should not be confused with discovery of SUSY. Other WIMP candidates already
exist [51], and even more models are certain to be constructed as soon as a signal is found.
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DM. Unfortunately the χ˜01–nucleon scattering cross section is again sensitive [29] to the Higgs
sector, in particular to the mass and couplings of the heavy neutral CP–even Higgs boson,
which are likely to be among the SUSY parameters that are most difficult to measure.
As mentioned earlier, most WIMP detection methods can determine the WIMP mass only
with rather large uncertainty. Similarly, the extracted cross section will come with large un-
certainty due to the rather poorly known χ˜01 flux. As discussed above, the flow of information
regarding these quantities will ultimately be from collider physics to astro–particle physics,
even if the first discovery comes from WIMP searches. Nevertheless, proof that χ˜01 contributes
to the DM would provide invaluable information to “mainstream” particle physics. It would
imply upper limits on the size of all R−parity violating couplings that are many orders of mag-
nitude below the sensitivity of conceivable laboratory experiments (including proton decay).
Moreover, it would imply that χ˜01 is indeed the LSP, i.e. would impose a strict lower limit
on the mass of any superparticles in the hidden sector, in particular on m
G˜
; this information
would be of great interest for both model building and cosmology.
5) The Most Energetic Cosmic Rays
The most energetic particle collisions that are amenable to experimental analysis by humans do
not occur at colliders; rather, their origin is the collision of cosmic ray (CR) “primaries” with
nuclei in the atmosphere of Earth. The spectrum of these primaries has now been measured
over more than ten orders of magnitude in energy, and about 30 orders of magnitude in flux.
Here we are concerned with the high–energy end of this spectrum, events with energy around
or above 1011 GeV. The very existence of such events is puzzling, for at least two reasons [52]:
• It is believed that most CR primaries are accelerated in shock fronts surrounding celes-
tial bodies. The basic requirement for such acceleration (or “bottom–up”) mechanisms
to work is that there must be a sufficiently strong magnetic field B extending over a
sufficient length L, i.e. B · L must be sufficiently large. For example, in a field of ∼ 8
T extending over ∼ 30 km, one cannot accelerate protons to more than about 14 TeV;
this describes the LHC, of course. Hillas has shown some time ago [53] that few, if any,
known objects in the Universe have sufficient B · L to accelerate protons to 1011 GeV
even for perfect efficiency (i.e. if the B−field has collider quality, which does not strike
me as a likely proposition). In such a “bottom–up” scenario neutral primaries would
have to be produced when charged particles collide with ambient matter; these would
require even higher energies for these charged particles than what is observed on Earth.
• At E >∼ 5 · 1010 GeV, protons can photo–produce pions on the cosmic microwave back-
ground, p+ γCMB → π+N (N = n, p). A collision of this kind will reduce the proton’s
energy by typically 20% or so. At yet higher energies, multi–pion production processes,
which lead to even higher energy losses, also become important.∗ The interaction length
for such collisions is “only” a few tens of Mpc. As a result, protons with energy above
this “GZK cut–off” [54] must have been produced within 50 or 100 Mpc of Earth. The
same is true for photons, which can be absorbed by e+e− pair production on background
photons in the radio band, as well as heavier nuclei, which can photo–dissociate on the
microwave background, all with interaction lengths of a few to a few tens of Mpc. On
∗Protons can also loose energy through p + γCMB → p + e+e−. This reaction has much lower energy
threshold, but it reduces the proton’s energy only by one percent or so, and is thus of lesser importance.
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the other hand, extra–galactic magnetic fields, as well as the fields in our own galaxy,
are so weak that even protons at 1011 GeV should still point back to their source (within
a few degrees), if it is within a couple of GZK interaction lengths. However, there are no
nearby potential “bottom–up” sources of 1011 GeV particles near the measured arrival
directions.
The solution to these puzzles most likely requires new astrophysics, new particle physics,
or both. There have been several proposals of how to avoid the GZK cut–off. For example,
the primaries might be [55] “R−hadrons”, containing a light gluino (with mass of a few GeV).
This would push the GZK cut–off to a few times 1011 GeV, just beyond the energy range
covered by current observations. However, gluinos of the required mass have almost certainly
been excluded by collider experiments [30, 56]. Moreover, this “solution” does not address the
problem of how such energies can be reached in the first place. Another proposal postulates
[57] neutrinos as primaries, with mb cross sections on air. However, models of this kind are
severely limited by unitarity arguments [58]. Besides, the neutrinos would presumably have
to be produced in the collision of even more energetic protons, thereby aggravating the first
of our two problems. The same is true for the so–called “Z−burst” scenario [59], where
one postulates a very large flux of neutrinos with energies extending to 1012 GeV or more
impinging on neutrinos in the halo of our galaxy. These collisions produce on–shell Z−bosons,
whose decay into (ultimately) protons and photons (among other things) produces the CR
“primaries”. It has recently been argued [60, 61] that the required neutrino flux violates
current experimental upper limits (see howeover [62]). The perhaps most radical proposal [63]
is to simply remove the GZK cut–off by assuming that Lorentz invariance does not hold at
sufficiently high energies. In this case the photoproduction cross section at Eγ ∼ 10−4 eV,
EP ∼ 1011 GeV may not be related to the measured cross section for Eγ ∼ GeV on protons
at rest. However, this again does not address the first of our problems.
The to my mind best motivated “new physics” explanation is based on the hypothesis
that the highest energy CR events come from the decay of some very massive X−particle. We
clearly needMX ≥ 1012 GeV, since the most energetic event ever observed [64] has E ≃ 3 ·1011
GeV, and only a (small) fraction of MX will go into the energy of any one X decay product.
On the other hand, values of MX as high as 10
16 GeV are possible. In fact, the first models
of this kind used GUT–scale particles bound in topological defects [65]; this could ensure
their longevity. The X−particles might also roam freely, and be almost stable by virtue of
having extremely suppressed couplings to normal matter [66]. Several mechanisms have been
suggested that allow to produce sufficiently many such particles at the end of inflation [67, 48].
This solves the first of our two problems: basically MX stores energy from an early, extremely
violent epoch in the history of the Universe. The second problem is solved since no association
with known sources of high energy particles is needed here. Topological defects may not be
associated with galaxies. In contrast, most “freely” moving X−particles should be enriched
in galaxies [68], just as other forms of matter are; in fact, they might even form the Dark
Matter. One therefore expects most relevant decays of freely moving X−particles to occur in
the halo of our own galaxy, which predicts an approximately (but not exactly [69]) isotropic
distribution of arrival directions, in at least qualitative agreement with data.
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Fig. 5: Schematic MSSM “jet” for an initial squark with a virtuality Q ≃MX . The full circles
indicate decays of massive particles, in distinction to fragmentation vertices. The two vertical
dashed lines separate different epochs of the evolution of the cascade: at virtuality Q > mSUSY,
all MSSM particles can be produced in fragmentation processes. Particles with mass of order
mSUSY decay at the first vertical line. For mSUSY < Q < 1 GeV light QCD degrees of freedom
still contribute to the perturbative evolution of the cascade. At the second vertical line, all
partons hadronize, and unstable hadrons and leptons decay. See the text for further details.
An N−body primary X−decay would be like an N−jet event produced at an e+e− collider
operating at
√
s = MX . As illustrated in Fig. 5, such jets would look quite different from the
QCD jets we know. To begin with, the hierarchy between MX and the weak scale cries out for
supersymmetry as a stabilization mechanism. Since MX ≫ the sparticle mass scale mSUSY, at
the early stages of the jet evolution superparticles can be “showered off” just like any other
partons. Moreover, we know that all gauge interactions will have similar strength at energy or
momentum scales near MX . Therefore electroweak interactions, and perhaps third generation
Yukawa interactions, can play significant roles in the early stages of jet evolution. However,
eventually (after 10−27 seconds or so) the shower (virtuality) scale will drop below mSUSY. At
this point superparticles will decouple from the shower and decay, possibly through lengthy
decay cascades well known from LHC studies. Slightly later the same will happen to top quarks
as well as electroweak gauge and Higgs bosons. From this point on electroweak interactions
are indeed far weaker than QCD ones, so that the shower evolution is dominated by strong
interactions. Later yet, all partons will hadronize. This is the end of jet evolution at collider
experiments, but here we also have to treat the decays of unstable hadrons (mesons, neutrons
etc.) as well as τ−leptons and muons. The final output of such a calculation [68, 70, 71] is
the spectra of stable particles “at source”, i.e. at the location of X−decay: electrons, protons,
three kinds of neutrinos (including antiparticles in all cases), photons, and LSPs. Before
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comparing with data, propagation effects may have to be included, especially when one is
studying extra–galactic sources.
One finds that the photon flux at source exceeds the proton flux; this is in fact also true
for jets produced at current colliders. The ratio is about 1.5 : 1 at large x = Eparticle/Ejet if
the jet originates from a (s)quark, about 5 : 1 at small x independent of the particle starting
the jet, and exceeds 10 : 1 at large x if the primary particle is a (s)lepton or Higgs boson.
This is problematic, since data indicate [72] that few, if any, of the highest energy events are
due to photons. One thus has to get rid of most of the photons on the way from the source
to Earth. This is actually expected to occur for sources at cosmological distances, but would
require the galactic radio background to be much stronger than current best estimates if the
sources reside in the halo of our own galaxy.
Another practical problem at present is the large discrepancy between the two measure-
ments with the best statistics of the CR spectrum at highest energies, by the AGASA and
HiRes collaborations [73]. AGASA sees a spectrum with similar, or perhaps even larger, spec-
tral index as at lower energy, where the spectrum can be described by a power law with power
≃ −2.7. In contrast, the HiRes spectrum shows a break at the GZK energy ≃ 5 · 1010 GeV,
and drops quickly for E > 1011 GeV.† The HiRes spectrum can be fitted [73] assuming a
homogeneous distribution of sources with E−2 spectrum. However, the fact that such a fit is
possible doesn’t tell us much about the actual nature of these sources; the GZK effect ensures
that the information about the spectrum at source with E >∼ 1011 GeV is essentially lost if the
sources are distributed homogeneously. In fact, the HiRes spectrum does not even prove that
sources are distributed uniformly, since a top–down model with MX ≃ 1012 GeV will also give
a rapidly falling spectrum above 1011 GeV. Both the HiRes and AGASA spectra can be fitted
within such models. Performing such fits is necessary to fix the overall normalization of the
fluxes of very energetic particles predicted by these models. However, this normalization is
uncertain not only because of the discrepancy between the (supposedly) best data sets cur-
rently available, but also because the “background” is not well understood. Most people in
the field assume that the spectrum below 1010 GeV is dominated by conventional (bottom–
up) sources, while top–down models should at least explain the spectrum above 1011 GeV.
However, since we do not know what these “conventional sources” actually are, let alone their
spectral characteristics, it is not clear how much of the spectrum between 1010 and 1011 GeV
should be explained through X decays. This is of some concern, since in that energy range
the spectrum is known far better experimentally than at even higher energy.
Nevertheless we can already make semi–quantitative predictions that should allow to test
these models in the not too distant future. In particular, one expects the neutrino flux to
be even higher than the photon flux, basically because jets contain more charged pions (each
of which produces three neutrinos) than neutral ones (which decay into two photons each).
Neutrino signals at very high energies have therefore early been recognized as potential test
of this kind of model [74]. More recent calculations [75] indicate healthy event rates for next–
generation experiments like Ice Cube, with detection possible in the near future in many
scenarios. However, “bottom–up” models can also lead to significant fluxes of very energetic
neutrinos, either through the interaction of accelerated protons with material near the source,
or through the GZK effect. The observation of such a neutrino signal may therefore not be
sufficient to discriminate between these classes of models.
†For some reason the most recent HiRes spectrum no longer contains the highest energy event ever observed
[64], by the Fly’s Eye collaboration, the direct predecessor of the HiRes experiment.
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On the other hand, only “top–down” models predict a significant flux of LSPs with ultra–
high energy. Even though the cm energy of the collision of a 1011 GeV proton with a nucleus (or
proton) at rest is much larger than mSUSY, only a tiny fraction of such collisions will produce
superparticles, while each collision will produce (many) pions which decay into neutrinos.
Existing bounds on the flux of very energetic neutrinos thus imply an undetectably small
LSP flux in such models. Even in top–down models one needs an effective target mass of
at least 1012 tons or so to detect these very energetic LSPs. The currently best hope for
such experiments are space–based photo–detectors looking for fluorescence light (from the
de–excitation of nitrogen molecules excited in the evolution of showers in air) in Earth’s
atmosphere. In order to suppress the much larger background from neutrinos, one has to look
for upgoing events. The trick is that (at least for bino–like LSP) there is an energy range
(around 109 GeV) where the Earth is opaque to neutrinos, but still allows a sizable fraction of
the LSP flux to pass. This should (at least in principle) allow to detect the LSP flux predicted
in many top–down models [76].
If it could be proven that the most energetic cosmic rays indeed originate from the decay of
very energetic particles, we would have gained experimental access to energies far beyond the
wildest dreams of accelerator physicists. This prospect is thrilling indeed, but we have to keep
in mind that this “access” is bound to be rather indirect. Out of several tens of thousands
of particles (with x ≥ 10−7) produced in any given X decay, we at best observe a single
one. In other words, the only measurables are the single–particle inclusive spectra of protons,
neutrinos (alas, with all flavor information most likely washed out by oscillations), LSPs and,
perhaps, photons (electrons certainly loose their energy through synchrotron radiation before
reaching Earth). These spectra depend on various aspects of physics at energy scales all the
way up to MX . In particular, we’ll want to know the primary X decay products (in order to
“profile” the X−particle). Another important question is what kind of interactions are present
at energies just below MX , e.g. whether there are additional gauge interactions beyond those
present in the SM. However, before we can address such questions we need to have a detailed
understanding of physics at scale mSUSY. In particular, sparticle cascade decays will affect
the spectra of neutrinos, LSPs and (to a lesser extent) protons and photons. In this exciting
scenario we would thus need input from experiments at TeV–scale colliders in order to learn
about physics at energy all the way up to MX >∼ 1012 GeV.
6) Summary and Conclusions
In this talk I attempted to describe some of the connections between astro–particle and collider
physics. The observation of neutrino oscillations gives additional impetus to searches for lepton
flavor violation at accelerators, which in turn can help to pin down supersymmetric models of
leptogenesis. Electroweak baryogenesis in the MSSM requires a light t˜1 squark and sizable CP–
violation in the chargino and neutralino sector, and can thus easily be tested at a high–energy
e+e− collider (if not sooner). Information from collider experiments will be essential to predict
the thermal χ˜01 relic density, as well as the cross sections that are needed to predict the size of
WIMP signals; conversely, proof that χ˜01 is sufficiently long–lived to form the Dark Matter in
the Universe will imply constraints on SUSY parameters that cannot be obtained at colliders.
Finally, if it can be established that the highest energy cosmic rays originate from the decay
of very massive particles, detailed information about sparticle masses and decay patterns will
be required to deduce the physics at very high energy scales from the spectra of very energetic
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protons, neutrinos and LSPs that should eventually be measured by astro–particle physics
experiments. These kinds of connections should prove fruitful for both fields.
Nevertheless a word of caution might be in order. At present collider physicists should
not put too much stock in “cosmologically favored” scenarios or regions of parameter space.
All the phenomena discussed here (neutrino masses, the baryon asymmetry of the Universe,
Dark Matter, and cosmic rays with E >∼ 1011 GeV) currently have several competing expla-
nations, with usually quite different repercussions for collider physics (or none at all). When
planning and performing experiments at colliders, it is therefore probably better to simply
ignore cosmological considerations, although it might prove very rewarding to keep these con-
siderations in mind when analyzing the data. Similarly, astro–particle physicists should be
aware that many limits from collider physics hold only under specific assumptions. To name
an important example, there is no model–independent limit on WIMP masses from colliders.
However, the interrelations between astro–particle and collider physics should become very
important indeed once signals replace bounds, i.e. once an unambiguous discovery of “new
physics” has been made in either area. Neutrino physics has shown the way; I fervently hope
that additional signals of equal or even greater importance will be discovered sooner rather
than later.
Acknowledgments
I thank the organizers of the conference for inviting me to give this talk. I also thank the
KIAS school of physics, where I started to write this up, for their hospitality. Finally, I thank
Abdelhak Djouadi and Jean–Loic Kneur for Fig. 4, and Cyrille Barbot for Fig. 5. This work
is supported in part by the Sonderforschungsbereich 375 Astro–Teilchenphysik der Deutschen
Forschungsgemeinschaft.
References
[1] Superkamiokande collab., Y. Fukuda et al., Phys. Rev. Lett. 81, 1562 (1998), hep–
ex/9807003; S. Fukuda et al., Phys. Rev. Lett. 85, 3999 (2000), hep–ex/0009001.
[2] SNO collab., Q.R. Ahmad et al, Phys. Rev. Lett. 89, 011301 (2002), hep–ex/0204008,
and Phys. Rev. Lett. 89, 011302 (2002), hep–ex/0204009.
[3] See e.g. J.N. Bahcall and M.C. Gonzalez–Garcia, JHEP 0207, 054 (2002), hep–
ph/0204314.
[4] See e.g. J.W.F. Valle, hep–ph/0209047, and references therein.
[5] B.W. Lee and R.E. Shrock, Phys. Rev. D16, 1444 (1977).
[6] T. Yanagida, in the proceedings of the Workshop on Unified Theory and Baryon Number
of the Universe, KEK, Japan, 1979; M. Gell–Mann, P. Ramond and R. Slansky, in Su-
pergravity (North Holland, Amsterdam, 1979); R.N. Mohapatra and G. Senjanovic, Phys.
Rev. Lett. 44, 912 (1980).
[7] F. Borzumati and A. Masiero, Phys. Rev. Lett. 57, 961 (1986).
17
[8] J. Hisano, M.M. Nojiri, Y. Shimizu and M. Tanaka, Phys. Rev. D60, 055008 (1999),
hep–ph/9808410.
[9] J. Hisano and D. Nomura, Phys. Rev. D59, 116005 (1999), hep–ph/9810479.
[10] N. Arkani–Hamed, H.–C. Chen, J.L. Feng and L.J. Hall, Phys. Rev. Lett. 77, 1937 (1996),
hep–ph/9603431, and Nucl. Phys. B505, 3 (1997), hep–ph/9704205.
[11] J. Hisano, R. Kitano and M.M. Nojiri, Phys. Rev. D65, 116002 (2002), hep–ph/0202129.
[12] Recent analyses include: M. Guchait, J. Kalinowski and P. Roy, Eur. Phys. J. C21, 163
(2001), hep–ph/0103161; W. Porod and W. Majerotto, Phys. Rev. D66, 015003 (2002),
hep–ph/0201284; D.F. Carvalho et al., hep–ph/0206148.
[13] S. Davidson and A. Ibarra, JHEP 0109, 013 (2001), hep–ph/0104076.
[14] E.J. Chun, these proceedings.
[15] See e.g. S. Sarkar, Rept. Prog. Phys. 59, 1493 (1996), hep–ph/9602260.
[16] A.D. Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5, 32 (1967) [JETP Lett. 5, 24 (1967)].
[17] A recent review is A. Riotto and M. Trodden, Ann. Rev. Nucl. Part. Sci. 49, 35 (1999),
hep–ph/9901362.
[18] Y. Aoki, F. Csikor, Z. Fodor and A. Ukawa, Phys. Rev. D60, 013001 (1999), hep–
lat/9901021.
[19] M. Quiros, hep–ph/0101230.
[20] M. Carena et al., Nucl. Phys. B599, 158 (2001), hep–ph/0011055.
[21] J.M. Cline, M. Joyce and K. Kainulainen, hep–ph/0110031.
[22] See e.g. the talks by B. Gaissmaier and J. Kalinowski at this conference.
[23] S.J. Huber and M.G. Schmidt, Nucl. Phys. B606, 183 (2001), hep–ph/0003122.
[24] M. Fukugita and T. Yanagida, Phys. Lett. B174, 45 (1986); for a recent treatment of
thermal leptogenesis, see W. Buchmu¨ller, P. Di Bari and M. Plu¨macher, hep–ph/0209301.
[25] G.C. Branco, T. Morozumi, B.M. Nobre and M.N. Rebelo, Nucl. Phys. B617, 475 (2001),
hep–ph/0107164.
[26] S. Davidson and A. Ibarra, hep–ph/0206304.
[27] I. Affleck and M. Dine, Nucl. Phys. B249, 361 (1985); M. Dine, L. Randall and S. Thomas
(SLAC), Phys. Rev. Lett. 75, 398 (1995), hep–ph/9503303, and Nucl. Phys. B458, 291
(1996), hep-ph/9507453.
[28] See e.g. M.S. Turner, astro–ph/0202007, and references therein.
[29] For a review, see G. Jungman, M. Kamionkowski and K. Griest, Phys. Rep. 267, 195
(1996), hep–ph/9506380.
18
[30] Particle Data Group, Phys.Rev. D66, 010001 (2002).
[31] R. Arnowitt, B. Dutta and Y. Santoso, Nucl. Phys. B606,59 (2001), hep–ph/0102181;
J.R. Ellis et al., Phys. Lett. B510, 236 (2001), hep–ph/0102098; H. Baer et al., JHEP
0207, 050 (2002), hep–ph/0205325.
[32] A. Djouadi, M. Drees and J.–L. Kneur, JHEP 0108, 055 (2001), hep–ph/0107316.
[33] M. Drees and M.M. Nojiri, Phys. Rev. D47, 376 (1993).
[34] K. Griest and D. Seckel, Phys. Rev. D43, 3191 (1991).
[35] J.R. Ellis, T. Falk, K.A. Olive and M. Srednicki, Astropart. Phys. 13, 181 (2000),
Erratum-ibid. 15, 413 (2001), hep–ph/9905481.
[36] C. Boehm, A. Djouadi and M. Drees, Phys. Rev. D62, 035012 (2000), hep–ph/9911496.
[37] J.R. Ellis, K.A. Olive and Y. Santoso, hep–ph/0112113.
[38] M. Drees and M.M. Nojiri, Nucl. Phys. B369, 54 (1991).
[39] J.L. Feng, K.T. Matchev and F. Wilczek, Phys. Lett. B482, 388 (2000), hep–ph/0004043.
[40] J. Edsjo¨ and P. Gondolo, Phys. Rev. D56, 1879 (1997), hep–ph/9704361.
[41] See e.g. S. Borgani, A. Masiero and M. Yamaguchi, Phys. Lett. B386, 189 (1996), hep–
ph/9605222.
[42] See e.g. H. Bachacou, I. Hinchliffe and F.E. Paige, Phys. Rev. D62, 015009 (2000),
hep–ph/9907518; I. Hinchliffe and F.E. Paige, Phys. Rev. D61, 095011 (2000), hep–
ph/9907519.
[43] DAMA collab., R. Bernabei et al., Phys. Lett. B480, 23 (2000).
[44] CDMS collab., R. Abusaidi, Phys. Rev. Lett. 84, 5699 (2000), astro–ph/0002471, and
D. Abrams et al., astro–ph/0203500; G. Gerbier for the EDELWEISS collab., talk at
Neutrino 2002, Munich, May 2002, http://neutrino2002.ph.tum.de .
[45] M. Drees et al., Phys. Rev. D63, 035008 (2001), hep–ph/0007202.
[46] T. Kamon, these proceedings, shows that even identifying τ˜1 pair production on top of
the SUSY background from χ˜02χ˜
0
1 production will not be easy in such a scenario.
[47] See e.g. S.Y. Choi, J. Kalinowski, G. Moortgat-Pick and P.M. Zerwas, Eur. Phys. J. C22,
563 (2001), hep–ph/0108117; Addendum-ibid. C23, 769 (2002), hep–ph/0202039.
[48] R. Allahverdi and M. Drees, Phys. Rev. Lett. 89, 091302 (2002), hep–ph/0203118, and
Phys. Rev. D66, 063513 (2002), hep–ph/0205246.
[49] For other non–thermal χ˜01 production mechanisms, see e.g. K. Enqvist and J. McDonald,
Phys. Lett. B440, 59 (1998), hep–ph/9807269; T. Moroi and L. Randall, Nucl. Phys.
B570, 455 (2000), hep–ph/9906527; G.F. Giudice, I. Tkachev and A. Riotto, JHEP
9908, 009 (1999), hep–ph/9907510; S. Khalil, C. Mun˜oz and E. Torrente-Lujan, New J.
Phys. 4, 27 (2002), hep–ph/0202139; M. Fujii and K. Hamaguchi, hep–ph/0205044.
19
[50] G.F. Giudice, E.W. Kolb and A. Riotto, Phys. Rev. D64, 023508 (2001), hep–
ph/0005123.
[51] Some recent suggestions for non–SUSY WIMPs can be found in: C.P. Burgess, M.
Pospelov and T. ter Veldhuis, Nucl. Phys. B619, 709 (2001), hep–ph/0011335; G. Ser-
vant and T.M.P. Tait, hep–ph/0206071; H.–C. Cheng, J.L. Feng and K.T. Matchev,
hep–ph/0207125.
[52] For a review, see e.g. P. Bhattacharjee and G. Sigl, Phys. Rept. 327, 109 (2000), astro–
ph/9811011.
[53] A.M. Hillas, Ann. Rev. Astron. Astrophys. 22, 425 (1984).
[54] K. Greisen, Phys. Rev. Lett. 16, 748 (1966); G. T. Zatsepin and V. A. Kuzmin, JETP
Lett. 4, 78 (1966) [Pisma Zh. Eksp. Teor. Fiz. 4, 114 (1966)].
[55] D.J.H. Chung, G.R. Farrar and E.W. Kolb, Phys. Rev. D57, 4606 (1998), astro–
ph/9707036.
[56] F. Csikor and Z. Fodor, Phys. Rev. Lett. 78, 4335 (1997), hep–ph/9611320.
[57] P. Jain, D.W. McKay, S. Panda and J.P. Ralston, Phys. Lett. B484, 267 (2000), hep–
ph/0001031; G. Domokos, S. Kovesi–Domokos and P.T. Mikulski, hep–ph/0006328; M.
Kachelriess and M. Plu¨macher, Phys. Rev. D62, 103006 (2000), astro–ph/0005309.
[58] G. Burdman, F. Halzen and R. Gandhi, Phys. Lett. B417, 107 (1998), hep–ph/9709399.
[59] T.J. Weiler, Phys. Rev. Lett. 49, 234 (1982), and Astropart. Phys. 11, 303 (1999), hep–
ph/9710431; D. Fargion, B. Mele and A. Salis, Astrophys. J. 517, 725 (1999), astro–
ph/9710029.
[60] S. Sarkar, hep–ph/0202013.
[61] V. Berezinsky, M. Kachelriess and S. Ostapchenko, hep–ph/0205218.
[62] Z. Fodor, S.D. Katz and A. Ringwald, JHEP 0206, 046 (2002), hep–ph/0203198.
[63] S.R. Coleman and S.L. Glashow, hep–ph/9808446.
[64] Fly’s Eye collab., D.J. Bird et al., Phys. Rev. Lett. 71, 3401 (1993), and Astrophys. J.
273, 377 (1993).
[65] P. Bhattacharjee, C.T. Hill and D.N. Schramm, Phys. Rev. Lett. 69, 567 (1992); R.J.
Protheroe and T. Stanev, Phys. Rev. Lett. 77, 3708 (1996), astro–ph/9605036; G. Sigl, S.
Lee, P. Bhattacharjee and S. Yoshida, Phys. Rev. D59, 043504 (1999), hep–ph/9809242.
[66] Long–lived “hidden sector” X−particles have been discussed in: J. Ellis, J. Lopez and
D.V. Nanopoulos, Phys. Lett. B247, 257 (1990); S. Chang, C. Coriano and A.E. Faraggi,
Nucl. Phys. B477, 65 (1996), hep–ph/9605325; K. Benakli, J.R. Ellis and D.V. Nanopou-
los, Phys. Rev. D59, 047301 (1999), hep–ph/9803333; C. Coriano, A.E. Faraggi and
M. Plu¨macher, Nucl. Phys. B614, 233 (2001), hep–ph/0107053. Some other models
with long–lived X−particles are: K. Hamaguchi, Y. Nomura and T. Yanagida, Phys.
20
Rev. D58, 103503 (1998), hep–ph/9805346, and Phys. Rev. D59, 063507 (1999), hep–
ph/9809426; K. Hamaguchi, K.I. Izawa, Y. Nomura and T. Yanagida, Phys. Rev. D60,
125009 (1999), hep–ph/9903207; K. Hagiwara and Y. Uehara, Phys. Lett. B517, 383
(2001), hep–ph/0106320.
[67] D.J.H. Chung, E.W. Kolb and A. Riotto, Phys. Rev. D 60, 0603504 (1999), hep–
ph/9809453; D.J. Chung, P. Crotty, E.W. Kolb and A. Riotto, Phys. Rev. D64, 043503
(2001), hep–ph/0104100.
[68] V. Berezinsky, M. Kachelriess, and A. Vilenkin, Phys. Rev. Lett. 79, 4302 (1997); M.
Birkel and S. Sarkar, Astropart. Phys. 9, 297 (1998), hep–ph/9804285; M. Birkel and S.
Sarkar, Astropart. Phys. 9, 297 (1998), hep–ph/9804285; E.W. Kolb, D.J. Chung and
A. Riotto, hep–ph/9810361, and Phys. Rev. D59, 023501 (1999), hep–ph/9802238; H.
Ziaeepour, Astropart. Phys. 16, 101 (2001), astro–ph/0001137.
[69] N.W. Evans, F. Ferrer and S. Sarkar, Astropart. Phys. 17, 319 (2002), astro–ph/0103085.
[70] V. Berezinsky, P. Blasi and A. Vilenkin, Phys. Rev. D58, 103515 (1998); Z. Fodor and
S.D. Katz, Phys. Rev. Lett. 86, 3224 (2001), hep–ph0008204; V. Berezinsky and M.
Kachelriess, Phys. Rev. D63, 034007 (2001), hep–ph/0009053; S. Sarkar and R. Toldra,
Nucl. Phys. B621, 495 (2002), hep–ph/0108098.
[71] C. Barbot and M. Drees, Phys. Lett. B533, 107 (2002), hep–ph/0202072.
[72] R.A. Vazquez et al., Astropart. Phys. 3, 151 (1995); M. Ave et al., Phys. Rev. Lett. 85,
2244 (2000), astro–ph/0007386, and Phys. Rev. D65, 063007 (2002), astro–ph/0110613;
K. Shinozaki et al., AGASA collab., Astrophys. J. 571, L117 (2002).
[73] T. Abu–Zayyad et al., HiRes collab., astro–ph/0208301; this paper also contains the latest
AGASA spectrum.
[74] P. Gondolo, G. Gelmini and S. Sarkar, Nucl. Phys. B392, 111 (1993), hep–ph/9209236.
[75] C. Barbot, M. Drees, F. Halzen and D. Hooper, hep–ph/0205230.
[76] C. Barbot, M. Drees, F. Halzen and D. Hooper, hep–ph/0207133.
21
